We have transferred a genetic locus determining resistance to phosphonoacetic acid (PAAr) Phosphonoacetic acid (PAA) has been shown to inhibit the replication of herpesviruses in experimental animals and in cell cultures (22, 27) . The drug has been shown to inhibit virusspecific DNA replication of these viruses both in infected cells (6, 9) and in cell-free extracts prepared from infected cells (1, 6, 9, 10, 19) . This inhibition is believed to be due to the binding of the drug at the pyrophosphate end product site on the viral DNA polymerase (18).
We have transferred a genetic locus determining resistance to phosphonoacetic acid (PAAr) from one herpes simplex viral genome to another by two methods of marker transfer. One method requires recombination between an intact DNA molecule and a restriction endonuclease DNA fragment, whereas the other requires repair of a partial heteroduplex formed between the two DNA molecules. These two methods mapped the PAAW locus between positions 0.45 and 0.53 map units on the physical map of the viral DNA. Fine mapping of the PAAr locus showed that it maps at or near an EcoRI restriction endonuclease site at either 0.46 or 0.49 map units. We also describe and compare the two methods of marker transfer.
Phosphonoacetic acid (PAA) has been shown to inhibit the replication of herpesviruses in experimental animals and in cell cultures (22, 27) . The drug has been shown to inhibit virusspecific DNA replication of these viruses both in infected cells (6, 9) and in cell-free extracts prepared from infected cells (1, 6, 9, 10, 19) . This inhibition is believed to be due to the binding of the drug at the pyrophosphate end product site on the viral DNA polymerase (18) .
Variants of herpes simplex virus (HSV) have been isolated which are resistant to PAA and replicate normally in its presence (6, 9, 12) . Resistance to PAA segregated as a single genetic marker (PAWr) in crosses involving these variants (9); furthermore, resistance to PAA in viral DNA synthesis in cell-free extracts correlated with the presence of the PAAr genetic marker (6, 9, 23) . These results suggested that the pAA4r genetic locus might lie within the gene for the viral DNA polymerase or one of its subunits or modifying proteins. The evidence that the pAAr locus is within the structural gene for the viral DNA polymerase is based on the observation that a PAAr ts mutant specifying a thermolabile DNA polymerase yielded revertants that were invariably both ts+ and sensitive to PAA (PAAS) (12, 23a) .
The genome of HSV is linear double-stranded DNA with a molecular weight of 96 million (28) terminal inverted reiterated sequences (25, 28 ). An additional characteristic of HSV DNA is that viral DNA extracted from virions consists of four populations differing in the orientation of the L and S components (3, 8) . On the basis of genetic linkage between the L and S components of the DNA of HSV-1 x HSV-2 recombinants, one form of the DNA was designated as the prototype (P) arrangement (21) . The other three arrangements were designated as Is (inversion of S), IL (inversion of L), and ISL (inversion of both S and L). Map positions on the DNA are defined from left to right on the prototype arrangement of the molecule as 0 to 1.0 units (Fig. 1) . The location of a PAAr locus on the physical map of the DNA was recently obtained by analysis of HSV-1 x HSV-2 intertypic recombinants constructed with PAAr as a selective marker (21 Virus stocks were prepared and titered on HEp-2 and Vero cells as described previously (21) . Rabbit (21) .
DNA digests were fractionated on 0.45% agarose cylindrical gels as described previously (7, 13) . DNA fragments for marker transfer were extracted from the gel slices by KI solubilization of the agarose matrix and adsorption of the DNA to hydroxyapatite (13) . DNA fragments prepared for re-digestion were purified by KI solubilization of the agarose matrix, dialysis of the KI, centrifugation to remove agarose (7) , and nbutanol extraction to concentrate the DNA in the supernatant fluid. Isolation of labeled DNA fragments showed that the former procedure yielded 50 Fig.   2 indicate that the fraction of viral progeny derived from these transfected cells that is resistant to PAA is proportional to the XbaI fragment concentration within the range tested (0 to 0.5 ,ug). In other experiments we observed that the fraction of PAAT progeny was proportional to the DNA fragment concentration up to 1 jig of fragment DNA (not shown).
Transfer of PAA' phenotype by partial heteroduplex formation. The objective of these experiments was to determine whether resistance to PAA could be transferred from one viral genome to another by repair of a partial heteroduplex forned between an intact single strand of HSV-1(F) DNA and a strand of DNA from a restriction endonuclease fragment bearing the PAA4r marker. We denatured and reannealed for various periods of time mixtures of intact HSV-1(F) PAA5 DNA and fragment DNA generated by digestion of HSV-1(HFEM) PAAr (Fig. 3A) . However, the frequency of transfer reached a maximum at approximately 7 h of renaturation because further incubation did not increase the level of transfer.
To determine the concentration dependence of this transfer method, we reannealed various amounts of HSV-1(HFEM) PAAr DNA fragments with HSV-1(F) DNA for 11.5 h. We observed an increase in transfer with increasing amounts of fragments (Fig. 3B) . Therefore, the assay can measure the presence of DNA bearing the PAAr marker.
Mapping of the gene specifying PAAr by marker transfer with specific fragments. In a preceding section it was shown that digestion of HSV-1 DNA with HsuI or BglII restriction endonucleases allowed the transfer of the PAAr phenotype to HSV-1(F) virus. In this series of experiments, we mapped the location of the gene specifying the pAAr phenotype by transfection of rabbit skin cells with either a mixture of intact HSV-1(F) DNA and individual fragments generated by digestion of HSV-1(1061) pAAr DNA with both HsuI and BgIII restriction endonucleases or a partial heteroduplex fonned between the intact HSV-1(F) DNA and the individual fragments. As shown in Table 2 , the HsuI/BglII-F fragment was the most efficient in transferring pAAr by both protocols. Although fragments E and G also showed some transfer, their efficiency was much lower and probably represented contamination from the neighboring F fragment in the gels. In this experiment the purified fragment showed a two-to threefold decrease in the level of PAAr transfer relative to an equivalent amount of unfractionated fragments (Table 2 ). This decrease is probably due to chemical damage to the fragment during isolation. We conclude that the PAAr locus maps between 0.41 and 0.52 map units (Fig. 1) .
Fine mapping of the PAAr locus. To further map the PAAr locus, we isolated the HSV-1(1061) HsuI/BglII-F fragment and cleaved it with HpaI restriction endonuclease. As shown in Fig. 1 on a 1% agarose slab gel (Fig. 4) , and the two fragments were extracted from the gel bands and tested for transfer of PAAr by recombination.
The HpaI fragment with a molecular weight (24) . The syn3 locus maps at 0.30 to 0.42 map units (24) . We concluded from the linkage studies that cleavage of the PAAr syn3 DNA with XbaI restriction endonuclease eliminated linked transfer of the two markers (unpublished data). Therefore, the syn3 locus and the PAAr locus must be separated by the XbaI cleavage site at 0.45 map units, and pAAr must map to the right of this position. This conclusion is consistent with our other results.
Comparison of methods of marker transfer. We have used two methods for the marker transfer mapping of the PAAW locus. The first depends on recombination in the infected cell between an intact genome and a restriction endonuclease fragment bearing the genetic marker. This method requires few manipulations of the DNA, and we have observed that as much as 10% of the progeny virus bear the marker introduced on a DNA fragment ( Fig. 2; reference 15 ). This represents a very high recombination frequency. We do not know whether this recombinational event is due entirely to host-cell enzymes or whether viral gene products are involved. Theoretically, there is no upper limit to the size of the DNA which can be transferred by recombination. In fact, we have observed transfer of DNA greater than 5 x 106 in molecular weight (15) . This method can also lead to insertion of transferred sequences as well as homologous replacement of sequences (15) .
The second method requires repair of a partial heteroduplex formed between intact DNA and a restriction endonuclease fragment bearing the genetic marker (11, 16, 17) . In most experiments the heteroduplex method yielded a higher level of transfer ( Fig. 2 and 3 ; reference 24), probably because fornation of the heteroduplex insures that cells receiving an intact DNA strand also receive the marker DNA. By this method we have achieved a yield of 35% PAAr progeny using a 1.5-fold excess of fragments. If the intact strands were saturated with fragment strands, the theoretical yield of pAAr progeny would be 50% (20) . Thus, we are close to the theoretical yield of PAA r progeny by this method. Formation of an infectious heteroduplex does require viral DNA that contains intact single strands. The best source of intact viral DNA, cytoplasmic virions, contains only 10 to 20% intact strands (14) . For this reason, this method requires more full-size duplex DNA and fragments to achieve the desired number of infectious events. Viral DNA purified from infected cell lysates by NaI density gradient centrifugation is not suitable for this method because it contains no intact single strands (unpublished data).
We do not know how large a continuous stretch of DNA can be transferred by transfection of a partial heteroduplex. Marker rescue studies with papovavirus DNA heteroduplexes have shown that two markers show linked transfer only if they are within approximately 100 base pairs of each other (20) , probably because the length of DNA required during excision repair in mammalian cells is approximately 100 base pairs (2) . If the HSV DNA heteroduplex is processed by a mechanism similar to that used on the papovavirus heteroduplex, we might expect that the continuous stretches of DNA that can be transferred from one genome to another are quite small.
